A B S T R A C T To study directly the role of spectrin in erythrocyte membrane function, we have designed a reconstituted membrane system using erythrocyte membranes from spectrin-deficient mice and purified spectrin from normal mice. The normal spectrin is inserted into the spectrin-deficient spherocytes by exchange hemolysis. Thereafter, raising the ionic strength and temperature reseals the cells and, with time, facilitates binding of the spectrin to the spectrindeficient membranes. The binding is apparently specific as shown by its dependence upon the concentration of undenatured spectrin and the concentration of salt used, as well as by the immunofluorescent appearance of the reconstituted cells after treatment with specific antispectrin antibody.
A B S T R A C T To study directly the role of spectrin in erythrocyte membrane function, we have designed a reconstituted membrane system using erythrocyte membranes from spectrin-deficient mice and purified spectrin from normal mice. The normal spectrin is inserted into the spectrin-deficient spherocytes by exchange hemolysis. Thereafter, raising the ionic strength and temperature reseals the cells and, with time, facilitates binding of the spectrin to the spectrindeficient membranes. The binding is apparently specific as shown by its dependence upon the concentration of undenatured spectrin and the concentration of salt used, as well as by the immunofluorescent appearance of the reconstituted cells after treatment with specific antispectrin antibody.
In terms of in vitro cellular behavior, the reconstituted preparations show marked changes in comparison to the untreated spherocytes. In particular, membrane stability, as measured by the reduction of myelin figure formation and lipid loss, is considerably enhanced. In addition, membrane fusion, which occurs readily with the untreated spherocytes, is virtually eliminated. Finally, the osmotic behavior of the native spherocytes is appreciably altered, such that the early phase of osmotically induced swelling, as measured in a highspeed stop-flow apparatus, is delayed and modified.
Taken together, these findings indicate specific roles for spectrin in the stabilization of the erythrocyte membrane, in the limitation of membrane fusion, and in the modulation of the membrane's response to
INTRODUCTION
Spectrin is an unusual, very high molecular weight protein component of erythrocyte membranes (1) . During the 12 yr that have passed since its discovery, several important putative roles have been proposed for this polypeptide which accounts for at least 20% of Received for publication 25 January 1979 and in revised fornm 6 April 1979. the total mass of the erythrocyte membrane, and which probably is found only in erythrocytes (2) . Early observations ofits tendency to form filaments -especially when combined with actin-and its apparently high axial ratio prompted analogies to muscle myosin and suggestions that spectrin might be part of a contractile or tension-generating system in the membrane (3, 4) . Subsequently, it was shown that the spatial disposition of some extemal surface membrane markers, as well as intramembranous particles which appear to be linked to them, could be varied by antibody treatment of spectrin (5, 6) . As spectrin is clearly located on the internal or cytoplasmic surface of the membrane (7) , this observation added considerable credence to this view and suggested an extensive anchoring (or even organizational) role for this protein. Further, because spectrin is phosphorylated by a membrane kinase system in erythrocytes (8) , and because a phosphatase has also been found in the membrane (9, 10) , possible roles for a spectrin phosphorylation cycle in various energy-dependent membrane reactions have been suggested. Notably, it has been proposed that spectrin may be important in the maintenance of normal cell shape and deformability, and that the metabolic dependence of these physiologically important parameters may be directly or indirectly related to conformational changes in the molecule conferred by its phosphorylation state (11) (12) (13) (14) . Studies showing abnormalities of spectrin phosphorylation in several patients with hereditary spherocytosis give some support to this view (15, 16) , although not all cases of spherocytosis demonstrate this phenomenon, and its specificity is not restricted to spherocytosis (17) (18) (19) . Additionally, strong evidence for a structural role for spectrin can be found in the demonstration of "spectrin shells" of various abnormally shaped cells treated with nonionic detergents to extract virtually all of the membrane proteins other than spectrin and actin (20, 21) . These residual spectrin shells maintain the abnormal shape of the original cell, and thus, suggest a specific architectural or scaffolding role for the spectrin-actin latticework.
This suggestion is further supported by observations of close correlations between the in vitro conditions which cause changes in the extractability or aggregation state of spectrin, and conditions which induce sphering and loss of deformability oferythrocytes (22) (23) (24) . Finally, the recent finding of marked spectrin deficiency in a strain of mice with severe hemolysis and hereditary spherocytosis again strongly suggests a role for spectrin in maintenance of normal cell shape (25) . Because the cells of this mouse are extraordinarily unstable, a membrane-stabilizing role, as well as a shape-control role, has also been proposed for this molecule (26) . The demonstration of spectrin-lipid interactions in purified liposome systems (27) , of an apparent effect of spectrin in regulating the phospholipid assymetry of the membrane (28) , and spectrin's known interactions with actin (29, 30) , as well as its probable interactions with intermembranous particles and internal membrane proteins (6) , all suggest mechanistic possibilities for these roles and lend credence to this view.
Unfortunately, all of these observations, perforce, have been indirect, and it has been difficult to assign unequivocally a functional role to this apparently important constituent of the erythrocyte membrane. In the current experiments, a system has been designed to examine directly some of the functions of spectrin in the erythrocyte membrane.
In brief, the technique of exchange hemolysis, previously developed for the insertion of sickle hemoglobin into normal cell membranes (31) , has been adapted to insert spectrin within the membranes of spectrindeficient hereditary spherocytic mouse cells. Subsequently, binding of spectrin to the interior surface of these cells occurs when the ionic strength and temperature are raised for a sufficient period of time. This process, which is analogous to that described by Bennett and Branton for spectrin rebinding to spectrin-depleted inside-out human membrane vesicles (32), appears to show immunologic and biochemical specificity. Finally, profound changes in the behavior of these reconstituted cells occur after this binding, which appear to directly identify some functional roles for spectrin. (PBS) l to remove plasma and the bulk of leukocytes and platelets. Unfortunately, passage through cellulose columns or more thorough saline washing could not be used, as these refinements produced considerable hemolysis. Nevertheless, the simple washing procedure resulted in <400 leukocytes/mm3 and <6,000 platelets/mm3 at 30% hematocrit.
METHODS
High-reticulocyte control blood was obtained by bleeding. Mice were bled 0.6-1.0 ml on 3 successive days. 36 h after the last bleeding, reticulocyte-rich (25-40%) blood was collected by exsanguination. A further enrichment to -80-90% was then obtained by centrifugation in small tubes in an angle head centrifuge at room temperature. Because the Sph mice were profoundly hemolytic with reticulocyte counts >95%, the control studies with normal mouse blood always used this reticulocyte-enriched preparation.
Preparation of purified spectrin for reconstitution studies. Washed erythrocytes were lysed in 25 vol of iced 30 mosM phosphate buffer, pH 7.8, at 0°C. The membranes were separated by centrifugation for 15 min at 45,000 g, and washed three times with the iced lysis buffer. A small opaque button at the bottom of the tubes was discarded and the bulk of the membranes was resuspended in 0.1 mM EDTA at pH 8 and incubated 30 min at 37°C with gentle agitation. After prompt cooling, the residual membranes were separated from the extracted spectrin by ultracentrifugation at 80,000 g for 1 h at 4°C. The resultant supernate was then concentrated to a small volume by dialysis against 20,000 mol wt polyethlylene glycol followed by a second dialysis against 10 mM Tns buffer, pH 7.4, with 1 mM EDTA. Finally, the spectrin was separated from the majority of actin and small amounts of other contaminating membrane proteins by gel filtration on Sepharose 4B (Pharmacia Fine Chemicals, Div. ofPharmacia Inc., Piscataway, N. J.). During elution with 0.2 M sodium chloride, which was monitored by absorbance at 280 nm, spectrin was released from the column in the void volume. Approximately 30 mg of spectrin could be obtained from 200 cm3 of mouse blood by this procedure.
When labeled spectrin was necessary, the same procedure was employed except that the whole erythrocytes were suspended in Krebs-Ringer bicarbonate buffer without phosphate at pH 7.8 and incubated for 6 After primary lysis, the open membranes were entrap the macromolecules by the addition of iso sium chloride while still at OC. The temperatuw raised to 37°C to allow binding of spectrin to surface of the resealed membranes and to fa potentially important membrane rearrangements which was found to be necessary, has been termz nealing" step. Subsequently, the external media untrapped added macromolecules was removed with PBS.
After this intermediary wash, the cells were lys time with the lysis media without macromolecul to release any unbound spectrin passively trappe( first resealing operation. After two subsequent v lysing solution, the ghosts were finally resealed f time with potassium chloride, washed, and used
Varying concentrations of salt were used for re various times for annealing in the initial phases 2 In addition to using [32P]spectrin labeled in i when higher specific activity was desired, '31I-la trin, prepared from our column-purified materia I actoperoxidase-glucose oxidase method (34), was differences in the behavior of these two prepar seen.
(Oide itnfra). However, eventually a standardized resealing solution of 145 meq KCl and a standard annealing time of 30 mmin were used.
Sham-reconstituted membranes were prepared as in the normal preparation, except that spectrin was omitted from the initial lysing solution. Because it was impossible to maintain shamn-reconstituted membranes of spectrin-deficient cells for ANNEALING more than a few minutes after the initial resealing step, the experiments described below using stop-flow analysis to study cell swelling were limited to preparations completed after only 15 min of annealing after initial resealing.
Fluiorescent stainiing. To identify mouse spectrin by fluorescent staining, a suspension of erythrocytes in saline at -0.2% hematocrit was allowed to settle for 20 min on clean polyl sine-treated cover slips. The excess cell suspension was drained free, and the cover slips were washed by gentle LING iimmersioni in PBS and fixed with 3% formaldehyde in h)
Kinetic studies of osmotic swelling of intact cells and resealed membranes. For these studies a suspension of -3% hematocrit of erythrocytes or reconstituted ghosts containing hemoglobin and albumin as well as spectrin, was prepared in 300 mosmol PBS. Immediately after resuspension to minimize settling, these cells were added to an Aminco-Morrow stop-flow analysis apparatus connected to a microprocessor, a large computer memory, and a cathode ray tube display (36) . The cell suspension was then very rapidly diluted by an equal volume of50 mosM saline to produce a final osmolarity of 175 mosmol. The reduction in the light transmission caused by both light scattering and absorption over the next 100 ms was measured using a visible light detector at 550 nm and at maximum slit width (5 mm) without further filtering. The kinetics ofthese signals were preserved through the computer, and subsequently displayed on the cathode ray tube from which the patterns were traced.
For these studies, reconstituted cells were prepared with 100 ,ug/ml of spectrin in the original exchange hemolysis as well as 50 mg of dialyzed human hemoglobin and 50 mg of dialyzed bovine serum albumin/ml of lysis media. These last agents were added to increase the oncotic contents of the resealed cells, and to supply some color for the subsequent kinetic analysis of hemolysis.
Other methods. Sodium dodecyl sulfate polyacrylamide gel electrophoresis analysis was performed with a 5-15% gradiant as described by Laemmli (37) . Protein determination was performed by the Lowry technique (38) . The specific activity of membrane lipids was estimated from the same lipid extract which was both counted for radioactivity and subsequently analyzed for total phosphorus on microchromatography plates (39, 40) . The extent of spectrin incorporation in the various incubations was determined from measurements of the radioactivity of the added spectrin of known specific activity divided by the total protein (38) of the membrane preparations remaining after the last washing procedure.
RESULTS
Concentration dependence of spectrin reconstitution. Fig. 2 is a photograph of sodium dodecyl sulfate polyacrylamide gel electrophoresis analysis of the membranes of spherocytic mouse erythrocytes (Sph membranes) which have been reconstituted with varying amounts of normal mouse spectrin. The samples were obtained after the second hemolysis and washes. An effort was made to plate approximately the same amount (10 ,hg) of total membrane protein in each of the electrophoresis wells. With increasing amounts of spectrin added during the first hemolysis, increasing amounts of bound spectrin were isolated after the last hemolysis. Other membrane proteins, including actin which was present in normal amounts, appeared to be unchanged. Fig. 3 quantitates this observation more completely, and shows that spectrin which had been denatured by heating before incorporation did not adhere in the same manner to the spherocytic membranes. In data not shown here, considerable entrapment of denatured spectrin-though not to the extent of unheated spectrin-did occur during the first resealing. FIGURE 2 Sodium dodecyl sulfate polyacrylamide gel electrophoresis ofmembranes from spherocytic mice reconstituted with progressive amounts of purified mouse spectrin. Band A, control membranes without reconstitution. Bands B-E, spherocytic mouse membranes reconstituted with 10, 20, 50, and 150 ,ug, respectively, of spectrin/ml of original reconstitution media. Approximately 10 ,ug of total membrane protein was placed in eash well. Band F, purified mouse spectrin used for the reconstitution; 2 ,ug. However, the vast majority of this material was released in the second lysis and washes. It should be noted that the maximum concentrations of spectrin which can be bound to the membrane under these conditions (-125 ,ug/mg membrane protein) is only -60% of normal levels in the mouse membrane. This is also somewhat lower than the levels achieved with spectrin-depleted inside-out vesicles (32) . Finally, this figure shows that even fresh spectrin does not bind to 486 Time dependence for reconstitution. Fig. 5 shows the need for some time to pass after the initial resealing step and before the second hemolysis for spectrin to bind completely to the Sph membranes. In this study, performed at an initial concentration of 50 ,ug/ml of spectrin in the original hemolyzate, 50% levels ofbinding were obtained -6 min after resealing, and the proc- ess was not complete until somewhat after 10 min following resealing. Again, the retention of denatured spectrin was much reduced and was not influenced by the time after the initial resealing. Apparently some initial nonspecific adherence of both fresh and heated spectrin to the membrane occurred at 0 time, but there was virtually none of this effect for albumin which was also used as a control in this experiment. Immunofluorescent studies. Fig. 6 a and b present photographs of native and reconstituted mouse spherocytes treated with the fluorescent antispectrin antibody system after Triton X-100 (Rohm & Haas Co., Philadelphia, Pa.) treatment to facilitate membrane permeability. In Fig. 6 a virtually no specific staining is seen in a preparation of native hereditary spherocytes. In Fig. 6 trols with nonspecific rabbit IgG instead of the antispectrin antibody showed little labeling with either preparation, whereas omitting either Triton or the antispectrin antibody completely eliminated the labeling. Finally, it should be noted that the reconstituted cells unfortunately continued to have the appearance of collapsed spheres. Adding spectrin back to these membranes did not tend to produce bi-concave disks under these conditions. Membrane fragility and lability studies. Fig. 7 a and b demonstrate the myelin figures and fusion complexes which can be produced by incubation of Sph cells in hypertonic media in the presence of small amounts of lysolecithin. Normal mouse erythrocytes incubated under the same conditions showed virtually no changes.
A quantitation of this phenomenon and the effect of reconstitution with fresh spectrin is shown in Fig. 8 a and b. The production of myelin figures was markedly reduced after reconstitution of the Sph cells, whereas reconstitution of normal cells expectedly showed no effect. Similarly, fusion complexes which were not uncommon in the untreated intact spherocytes were markedly reduced after reconstitution, and they were extraordinarily rare in both normal and sham-reconstituted normal cells. It should be noted that it was unfortunately impossible to study sham-reconstituted Sph cells in this system, because they could not be preserved during the 0.5-h hypertonic incubation in the presence of lysolecithin.
Lipid loss in native and reconstituted spherocytes. Fig. 9 shows the effect of incubation of those cells in hypertonic media containing lysolecithin. Because the relative lipid specific activity of the starting cells and the released lipid were similar, the palmitic acid label used here was assumed to be representative of the general lipid moiety of the membrane. Untreated Sph membranes showed an appreciable lipid loss of -15% of their total starting label into the media during incubation. This loss was considerably reduced after reconstitution with mouse spectrin. Normal mouse cells, as well as sham-reconstituted normal mouse cells, showed very little lipid loss under these conditions.
Stop-flow analyses of the kinetics of osmotic swelling of intact Sph and normal mouse cells. Fig. 10 shows the signal obtained after the very rapid application of osmotic shock to normal and Sph mouse erythrocytes. The by Bennett and Branton with inside-out vesicles obtained from spectrin-depleted human erythrocyte membranes (32) . Although there are moderate differences in the total amount of spectrin which could be bound as well as in the amount of salt necessary to facilitate this binding, the similarities in the requirement for time to pass during the binding process, the saturable concentration dependence, and the ineffectiveness of heated spectrin are all closely analogous (Figs. 2-5 ). The fact that spectrin reconstitution to only 50-60% levels has such profound effects on the in vitro characteristics of the reconstituted cells suggests either that a little spectrin can have a large biologic effect, or that the difference between the binding of intact membranes and inside-out vesicles may involve a portion of the cell's spectrin which is not functional. The time dependence and the ionic strength effects of spectrin binding appear to be reciprocally analogous to the conditions necessary for the extraction of spectrin from whole membranes (41). This suggests that the extraction and binding process is reversible in normal cells, and implies that fortunately the putative binding site for spectrin is still intact in spectrindeficient hereditary spherocytosis erythrocytes. However, the current experiments do not shed any light on the nature of that binding protein which is of considerable current interest (42, and footnotes 3 and 4).
The immunologic demonstration of fluorescent label3Bennett, V., and J. Stenbuck. Identification and partial purification of ankyrn, the high affinity membrane attachment site for human erythrocyte spectrin. Manuscript submitted for publication. 4 Yu, J., S. R. Goodman, and D. Branton. Nectins: the spectrin-binding protein(s) of the human erythrocyte membrane. Manuscript ing of spectrin-reconstituted cells with specific antispectrin antibody (Fig. 6 b) , and not with the native spherocytes ( Fig. 6 a) (Fig. 8 a) and the prevention of lipid loss (Fig. 9) Fig. 9 . The prevention of apparent fusion complexes by the insertion of spectrin into Sph membranes is of considerable interest. Previous studies in liposome model systems have shown similar effects of spectrin (27, 43) . Perhaps a spectrin meshwork prevents the formation of large protein-free lipid regions, or domains, necessary for fusion. Alternatively, perhaps association of spectrin with the anionic phospholipids, phosphatidyl ethanolomine and phosphatidyl serine, keeps them localized to the inner leaflet of the membrane (27, 28, 44) and prevents their requisite participation in fusion events which one would expect initiate at the outer surface. To explore these possibilities, we have tried to determine the "sidedness" of the lipids in these spherocytes, but so far all efforts to treat the cells with tri nitro benzine sulfonate or phospholipases have produced immediate lysis of the native spherocytes, vitiating the usefulness of this type of data.
A note of caution is in order in terms of interpreting the apparent fusion complexes seen here. Although the appearance of fusion shown in Fig. 6 b is not infrequent, rigorous proof of fused membranes rather than a simple intimate contact has not been obtained even though the apparent fusion process itself, with loss of the central band and the appearance of a somewhat larger spherical cell, was occasionally directly observed.
The observations shown in Figs. 10 and 11 indicate that the osmotic responsiveness of the erythrocytes is also regulated in part by spectrin. Unfortunately, the technique of stop-flow analysis is not currently sensitive enough to define the precise mechanism of this effect. From the previous studies of Sha'afi et al. (45) , it has been suggested that the early phase swelling curve is primarily caused by a rounding up of the cells and the change in light reflectance produced by this phenomenon, whereas the second phase is probably related primarily to the release of hemoglobin from the lysing erythrocytes. Theoretically, a brief plateau phase should occur between these two components where membrane stretching actually occurs. If the system could be sufficiently refined to demonstrate this interval, a much more precise definition of spectrin's role might be possible. However, with current resolution, it is difficult to propose a mechanism for even the initial swelling phase, because it is not known if the fabric ofthe membrane has any role in mechanically resisting the influx of water during this period or, alternatively, if spectrin induces any change in limiting water permeability of the membrane which secondarily affects the swelling rate. Nevertheless, in spite of limitations in precise interpretation, this technique does allow the assignment of an unequivocal role for spectrin in changing the osmotic response of erythrocyte membranes; and this technique, which has seen little use by cell biologists or hematologists, is to be recommended.
Finally, a comment should be made concerning the fact that 0.25 mM ATP and 0.25 mM magnesium were added to all of the reconstitution studies described here. This was arbitrarily done in an effort to preserve the phosphorylated state of spectrin as much as possible, and to facilitate any residual ATP-dependent membrane processes which might be important for stabilizing these difficult in vitro preparations. At present, it is not known whether or not this ATP is essential. Preliminary results do show that spectrin in reconstituted spherocyte membranes is capable of being phosphorylated by [32P]ATP. Studies on the role of ATP and, in particular, on the importance of the phosphorylation state of spectrin should be of considerable interest.
The hereditary spherocytosis syndrome of mice appears to be an excellent model for studying the functional role of spectrin. Even though neither the biochemical nor the genetic mechanism for the production of the spectrin deficiency in these cells is presently known, the fact that these cells have markedly perturbed biologic behavior has supported hypotheses for an important functional role of spectrin in the erythrocyte membrane. The current experiments in which the missing protein has been reinserted into the membrane have facilitated the direct testing of these hypotheses and have permitted an assignment of some specific functional roles for spectrin in the erythrocyte membrane.
In particular, it appears that spectrin is indeed responsible for stabilization of the membrane and prevention of membrane loss through myelin figure formation and membrane lipid loss. Moreover, spectrin appears to prevent membrane fusion which is a very rare occurrence in normal cells, but which is surprisingly common in hereditary Sph spherocytes. Finally, spectrin appears to have an important role in modulating the early response to osmotic swelling in erythrocytes. 
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